Abstract-In this paper, a model-predictive control (MPC) has been designed and implemented on the packed U-cell (PUC) inverter, which has one isolated dc source and one capacitor as an auxiliary dc link. The MPC is designed to regulate the capacitor voltage at the desired magnitude to have seven voltage levels at the output of the inverter. Since grid-connected application is targeted by this application, the inverter should be capable of supplying requested amount of active and reactive power at the point of common coupling (PCC) as well. Therefore, MPC should also consider the line-current control to monitor the exchange of reactive power with the grid while injecting appropriate active power at low total harmonic distortion (THD). Various experimental tests including change in dc-source voltage, active power variation, and operation at different power factor (PF) have been performed on a laboratory prototype to validate the good performance obtained by the proposed MPC. The dynamic performance of the controller during sudden changes in dc capacitor voltage, supply current, and PF demonstrates the fast and accurate response and the superior operation of the proposed controller.
I. INTRODUCTION
The global electrical energy consumption is estimated to rise on a positive slope for the coming years; therefore, the installed production capacity of classical high-power stations may not be able to meet the ever-increasing demand. Moreover, tolerating the conventional energy sources such as fossil fuel, nuclear, and perhaps gas is becoming a social issue limiting possible implementations of such technology due to pollution impact and for safety consideration as well. In order to answer the ever-growing energy demand, call for clean and renewable type of energy sources, to fill up the gap left by holding classical plant development, is answered by the industry which nowadays is developing commercial solar, wind, biomass, and geothermal [1] , [2] .
These sources have become an important asset of the world's energy resources because of their nonpolluting nature, little maintenance, at acceptable price. The solar cell behaves as a controlled current source, which converts the irradiance energy directly into dc current. To convert the dc current/voltage into ac current/voltage while targeting highly efficient scheme, less polluted with low emission of harmonics, power-electronic converters are necessary; moreover, multilevel family type of converters is the most appropriate topologies to be considered [3] - [5] .
Conventional inverters have some drawbacks such as nonsinusoidal output voltage rich in total harmonic distortion (THD), high switching losses, and thermal stress at high switching frequency with high level of common-mode noise. Multilevel inverters constitute a class of devices which present interesting features that are naturally adapted to solar-energy-conversion schemes and therefore constitute an interesting solution to the proliferation of solar-energy technology [6] - [8] . Multilevel inverters make use of switches and floating capacitors to produce various symmetrical voltage levels when controlled properly. The higher number of voltage levels produced; the lower is the harmonic content [9] , [10] . Traditional multilevel inverters present many drawbacks though, they are costly and hard to implement when the number of voltage levels increases [11] . In order to attenuate the impact of such problems, several studies have been conducted and new multilevel inverters topologies have been proposed [12] - [18] .
One promising topology is the packed U-cells (PUCs), which combines advantages of flying capacitor (FC) and cascaded Hbridges (CHB) and makes use of only one isolated dc source, while the second dc bus should be regulated at a desired voltage level which influences the number of output-voltage levels [19] , [20] .
Several control techniques have been studied concerning the PUC such as hysteresis current control [21] and nonlinear controllers [20] , [22] . All those controllers have been implemented on the stand-alone inverter or rectifier application of the PUC topology. Therefore, they were mainly dealing with unity power factor (PF) operation as well as supplying power to the stand-alone loads. Moreover, adjusting multiple gains and using modulators to send the required switching pulses 0278-0046 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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to the power-electronic devices are the main drawbacks of the reported works. Nowadays, power inverters are asked to provide both active and reactive power for the utility in which the grid voltage and current phase-shift as well as the current amplitude should be monitored and regulated online [23] . Though the idea of modelpredictive control (MPC) was developed in the 1960s [24] , it remains simple and intuitive. Comparing MPC to other classical controllers, a large number of calculations should be executed at each time step before sending the appropriate optimal signal to the devices. MPC consists of calculating the future behavior of the controlled variables, comparing them to their references, calculating a cost function that should be minimized to choose the optimal state. On the other hand, it features some interesting characteristics, such as fast dynamic response, accurate tracking, and no gains, to tune and no need to use an external type of modulators [25] - [31] . Some other research work dealt with studying the delay effect on MPC compensation performance as well [32] .
In this paper, MPC is developed for the PUC inverter for grid-connected application. The PUC inverter has been studied and investigated as a renewable-energy-conversion device to deliver green power to the grid while generating multilevel voltage waveform with low harmonic contents at the ac output. Consequently, the PUC inverter-capacitor voltage and the grid current should be controlled to have desired predefined power-quality-regulated voltage of the second dc bus as well as the desired operating PF by changing the grid voltage and current phase-shift accordingly. This paper is organized as follows. After an Introduction to multilevel converters and MPC, Section II includes the PUC topology description and switching sequences. MPC technique applied on the PUC inverter has been investigated and designed accurately and details are shown in Section III. Experimental results are illustrated and discussed in Section IV to validate the good dynamic performance of the proposed controller in controlling several parameters in the grid-connected system. Focus was put on operating condition changes that were performed to show the fast response of the designed controller in tracking the reference signal.
II. PUC TOPOLOGY AND SWITCHING SEQUENCES
PUC converter has been introduced by Al-Haddad in 2011 [19] , [22] and developed by Vahedi in 2015 [20] , [33] . It can be used as a single-phase converter as well as three-phase configuration. This topology is an intermediate hybridization of FC and CHB with reduced number of capacitors and semiconductors components. The general structure of the grid-connected PUC inverter is shown in Fig. 1 . The inverter is connected to the grid through a line inductor (L) having a parasitic resistor (r). The line current is controlled to flow from the inverter to the grid with different phase angle, proving therefore controlled active and reactive power at the point of common coupling (PCC).
DC source and link amplitudes indicate the number of output voltage levels; using the 1/3 ratio leads to producing sevenvoltage level at the inverter output. Therefore, if V 1 = 3V 2 = 3E, then the output voltage waveform (V inv ) contains the voltage levels of 0, ±E, ±2E, ±3E. To reduce the number of Table I . The use of six switches allows reaching eight switching states including two redundant ones.
Comparing to the CHB or FC topologies generating sevenlevel voltage, the PUC converter has less number of isolated dc sources, dc capacitors, and switching devices. However, the main problem with this topology is the different voltage rating of switches. Fortunately, the upper two switches working at the fundamental frequency should suffer the highest voltage while the four lower switches that have higher switching frequency, see the lower voltage, which is compatible with semiconductor device performances.
III. MODEL-PREDICTIVE CONTROL
Different control methods for voltage-balancing and current control exist such as linear/nonlinear controllers, predictive model, and fuzzy [33] - [37] . MPC uses a model of the system to predict the future behavior of the variables [24] , [27] . One of the major advantages of the FCS-MPC compared to a traditional PI controller is the flexibility to control different variables, with constraints and additional system requirements. Besides, using MPC avoids the cascade structure which implies inner faster dynamic loop and outer slower dynamic loop to control system parameters; such a scheme is typically used in a linear control. The drawbacks of FCS-MPC are that such a controller can operate at variable switching frequency and also it requires a high number of calculations to generate its output, compared to a classical continuous control scheme. Fig. 2 presents a general scheme for MPC to control the gridconnected inverter. In general, MPC consists of measuring the variable x (k) and using it in the predictive control to calculate the future value x (k + 1) of the controlled variable for each one of the switching states. Then, a cost function is calculated to choose the minimum value corresponding to the optimal state and apply it on the PUC inverter through the switching pulses. Switching pulses are produced according to the appropriate switching state chosen by the MPC from the recalculated switching table.
Switches are considered ideal so they have only two states: ON or OFF. In this work, there are seven possible switching states since two states generate same voltage (0 V).
The two variables that have to be controlled are the load current i l and the capacitor voltage V 2 . Therefore, to simplify the calculation, two new variables can be defined that reduce the computations. S 1 and S 2 are used to simplify the use of S a , S b , and S c states. They are calculated depending on S a , S b , and S c values using the following equations: The voltage vector generated by the inverter is calculated using the following equation:
Concerning the capacitor voltage,
Using the Euler forward approximation, the capacitor voltage can be replaced by the following equation:
where T s is the sampling time.
Replacing (5) in (4), (6) can be obtained as the following:
The load current dynamics can be described by the vector differential equation (7) as
Using again the Euler forward approximation, the load current can be replaced by the following equation:
Substituting (8) in (7) results in the following equation:
Finally, the cost function g is derived as follows:
The cost function g is calculated for the seven possible switching states, but S 1 and S 2 are chosen for the minimum value of g. Once S 1 and S 2 are generated, the switching-state number will be determined using Table II , and then S a , S b , and S c are then selected based on Table I to be sent to the PUC inverter switches.
The grid current and the capacitor voltage are measured for the instant k. Based on these values, v 2 (k + 1) and i s (k + 1) are predicted using (6) and (9) . The cost function at the same instant k is calculated using the values of v 2 and i s at the instant k + 1.Therefore, in order to simplify the cost-function equation (10) , it was mentioned for the instant k to just show its general form applicability. k 1 and k 2 are two weighting factors; they are used to avoid coupling effects in case of using several variables in the cost function. Indeed, there are no analytical or numerical methods as such to adjust the weighting factors. In case of cost functions where there is only one variable to be controlled, there is no need for weighting factors. In this case, we have two variables to be controlled and they are equally important. At first, one can normalize the cost function and set the factors equal to 1, and then change them to minimize the cost function. At least two different figures of merit or system parameters have to be considered, depending on the application [31] . Fig. 3 shows the flowchart of the proposed MPC applied on the seven-level PUC inverter. Two loops are executed. The outer loop, consisting of measuring the grid current and the capacitor voltage, is executed every sampling time, while the inner loop is executed for each possible state. The inner loop consists of calculating the predictive values of the grid current and the capacitor voltage, and then calculating the cost function g(x) to store the optimal values. After executing the seven possible states, the minimum value of g is chosen and the corresponding switching states are applied to the semiconductor devices.
Note that the variables with stars denote the reference values. Moreover, the reference current is generated based on a grid-voltage sampling coming from a phase-locked loop (PLL) block, and its amplitude is chosen arbitrarily regarding the amount of power required to be injected into the grid. Furthermore, the phase-shift between the grid voltage and current is applied to the phase angle derived from the PLL to change the PF. If zero delay is applied to the phase angle, then the unity PF mode of operation will be achieved. Similarly, adding some values to the phase-shift leads to exchanging more reactive power with the grid which is required in industrial plants to help sustaining voltage stability at the PCC. 
IV. EXPERIMENTAL RESULTS
A laboratory prototype of a single-phase seven-level gridconnected PUC has been implemented to validate the proposed predictive control. SiC MOSFETs-type SCT2080KE has been used as switching devices with high-frequency characteristics to be suitable for MPC. The controller is implemented using the dSpace 1103 real-time controller board with the fixed-point sampling time of 20 µs. The system parameters as implemented for the experiment are given in Table III . Fig. 4 has been captured from the working prototype. The PUC inverter with the ac source and the second dc bus capacitor is shown as well as the voltage and current sensors. Fig. 5 illustrates the steady-state operation of the PUC inverter in grid-connected mode. Grid voltage and current are well synchronized, and unity PF mode of operation is successfully achieved. Grid current follows the reference with the desired value (5 A/div). The capacitor voltage reaches V 1 /3. Since the capacitor voltage is fixed at 50 V, seven-level voltages are generated at the output of the PUC inverter including 0 V, ±50 V, ±100 V, ±150 V. Fig. 6 shows the voltage and current waveforms during the grid-voltage variation. One can notice that the capacitor and inverter voltages as well as grid current are not affected by this change; their values are still respected to the desired values while the grid-voltage value decreases slightly.
The dc-voltage-source changes have been tested to verify the controller capability to track the voltage reference of the capacitor. As shown in Fig. 7 , the capacitor voltage tracks 1/3 of the dc-source-voltage amplitude acceptably while the grid voltage and injected current were not affected by such changes. Besides, another test has been performed aiming at exchanging reactive power with the grid. Therefore, a sudden change has been made in the phase-shift between grid voltage and current from 0
• to 30
• , which changes the PF from 1 to 0.85. Experimental results depicted in Fig. 8 indicate such operation. As it is clear, the grid voltage and current are in phase at the beginning of the cycle, and then by varying the delay, they have a phase-shift of π/6 while the capacitor voltage and current amplitude remain unaffected. The PF is 0.859 corresponding to 31
• phase-shift between grid voltage and current waveforms. Consequently, the active power is 208.5 W and the reactive power is 123.7 VAR.
Eventually, in order to validate the dynamic performance of the designed controller applied on grid-connected PUC, a change in grid reference current amplitude has been made during the real-time implementation. Therefore, the referencecurrent amplitude has been increased from 5 to 8 A and then decreased back to 5 A. Fig. 9 shows the voltage and current waveforms for this change. As can be seen, the capacitor voltage, inverter seven-level voltage waveform, and grid current are not affected by this change; their values are still controlled at the desired ones while the unity PF mode of operation is ensured through the zero phase-shift between grid voltage and current waveforms during the test. Fig. 10 shows the grid voltage and current waveforms as well as their rms and THD% values that ensure the unity PF mode of operation as well as a very low harmonic content of the line current is observed, thanks to the fast and robust MPC implemented on the seven-level PUC converter. One can see that all state variables have been controlled acceptably, and seven-level voltage waveform has been generated at the output of the inverter that reduces the harmonic pollution significantly with less filtering effort and minimum reactive components to be used.
V. CONCLUSION
In this paper, an MPC has been designed for the seven-level PUC inverter in grid-connected mode of operation, an excellent candidate for photovoltaic and utility interface application to deliver green power to the utility. MPC is a simple and intuitive method that does not have confusing gains to adjust as well as featuring fast response during any change in the system parameters. Experimental results have been provided to show the fast response of the implemented controller on the grid-connected multilevel PUC inverter. It has been demonstrated that the dc link capacitor voltage has been regulated at desired level, and seven-level voltage waveform has been generated at the output of the inverter. The injected current to the grid was successfully controlled to have regulated amplitude and synchronized waveform with the grid voltage to deliver maximum power with unity PF. Moreover, the PF has been controlled easily to exchange reactive power with the grid while injecting the available active power. Exhaustive experimental results including the change in the grid-current reference, dc source, and ac grid-voltage variations as well as PF have been tested, and results have been illustrated which ensured good dynamic performance of the proposed controller applied on the grid-connected PUC inverter.
